Background: During fetal hypoxia blood is redistributed to the brain ('brain-
expense of the umbilicoplacental blood flow, and the brain-sparing flow is more pronounced than in un-compromised (OCT negative) fetuses.
INTRODUCTION
Animal experiments have revealed that chronic as well as acute fetal hypoxia causes a centralization and priority of blood flow to vital organs, such as the brain, heart, and adrenal glands. [1] [2] [3] In human pregnancy with fetal intrauterine growth restriction (IUGR) this represents a chronic state. 4 As part of the circulatory response to hypoxia, a decrease of vascular flow resistance in the fetal middle cerebral artery (MCA) has then been demonstrated. 5, 6 This redistribution of blood flow, a 'brain-sparing' effect, suggests an adaptation of the fetal circulation to hypoxemia. 5, 6 In the human fetus redistribution of blood flow may be a response to chronic compromise rather than to an acute development of hypoxemia. During the first stage of labor and in the absence of fetal distress, Maesel et al. 7 found no significant changes of fetal MCA blood flow in association with uterine contractions. Late in the first stage and in the second stage of labor increments of vascular resistance during uterine contractions have been demonstrated in other cerebral vessels, such as the internal carotid artery 8 and anterior cerebral artery. 9 However, such changes may be caused by persistent external pressure on the fetal head as the head is molded, since direct mechanical pressure on the fetal skull causes momentary blood flow reductions. 10, 11 We have in previous studies demonstrated occurrence of acute and transient blood flow changes in the uterine and umbilical circulations in compromised fetuses exposed to short-lasting interruptions of oxygen delivery by uterine contractions. 12, 13 By performing Doppler velocimetry simultaneous to electronic fetal heart rate (FHR) monitoring during an oxytocin challenge test (OCT), we demonstrated a transient increase of vascular flow resistance in the umbilical artery (UA) as well as in the uterine artery. The aim of the present study was to explore acute changes in the fetal cerebral circulation relative to placental flow by recording MCA and UA blood flows before and during uterine contractions in a series of IUGR fetuses at term.
MATERIAL AND METHODS
The study comprised a consecutive series of 82 women at a gestational age of at least 36 completed weeks with a suspicion of IUGR and no definite indication to perform an elective cesarean section (CS). The managing obstetricians' uncertainty about the optimal time and mode of delivery was a prerequisite, and hence, an increased UA vascular flow resistance (> mean + 2 SD according to reference values 14 ) was then an additional indication in 26 cases. Since absent or reversed end-diastolic flow in the UA is an absolute indication for a CS at our unit, such cases were excluded.
The experiment with simultaneous Doppler velocimetry and electronic FHR recordings during the OCT was approved by the Lund University Research Ethics
Committee and all participating women gave their informed consent. The results of the basal UA blood flow measurements were revealed to the obstetricians whereas other flow results were concealed.
According to our routines, all 82 pregnancies were dated with an early second trimester ultrasound fetometry and all scanned again at 32 weeks. IUGR was defined as an ultrasonically estimated fetal weight below the gestational age-adjusted mean value minus 2 SD (N = 72), or a fall of > 1 SD between two fetometries (N = 10).
The procedure of simultaneous Doppler velocimetry and OCT has previously been described. 12, 13, 15 By using an Acuson Sequoia 512 real-time ultrasound scanner The PI was classified normal when within mean ± 2 SD according to reference values for UA 14 and MCA. 17 The normal range (mean ± 2 SD) of MCA PI at term is 0.93 to 1.89. The cerebral-to-umbilical vascular resistance ratio was expressed as the MCA PI/UA PI ratio. Brain-sparing was defined as a ratio of < 1.08 according to Gramellini et al. 17 However, this definition is valid only for basal measurements and not for the dynamic changes during the OCT, since the UA PI is likely to increase during uterine contractions in OCT positive cases. 12, 13 Thus, during uterine contractions and relaxations a decrease of MCA PI of > 1 SD was arbitrary chosen to imply a de novo brain-sparing effect. According to Gramellini et al. 17 , 1 SD corresponds to a MCA PI value of 0.24 at term. This level of change was also chosen to define an increase of MCA PI, i.e., changes within ± 0.23 were regarded as no significant change.
The UA and MCA PI changes during the OCT were compared with regard to the OCT result (positive or negative OCT), birthweight cohorts (appropriate-forgestational age = AGA = mean ± 2 SD; small-for-gestational age = SGA = below mean -2 SD; large-for-gestational age = LGA = above mean + 2 SD) 18 In the 26 cases of high basal UA PI, the MCA PI was neither during basal measurements, contractions, nor relaxations higher than in the 56 cases with normal basal UA PI (Mann-Whitney U test; P > 0.4).
There was no significant difference between the OCT groups regarding the prevalence of neonatal distress or SGA (Table 1) . No newborn in the series had a 5-min Apgar score < 7, so both cases of neonatal distress were due to low cord blood pH.
In comparisons between the ODFD (N = 9) and non-ODFD group (N = 63), there were no significant differences for UA PI or MCA PI during basal measurements, Blood flow results relative to birthweight are shown in Table 2 . There was no case of
LGA in the series. During basal conditions the MCA PI was lower in SGA cases, but otherwise no significant differences were found. 
DISCUSSION
The fetal arteriolar oxygen saturation falls to 5-10 % below baseline levels during uterine contractions. 20 During the OCT, an already imminently compromised fetus with a restricted oxygen reserve may have difficulties to cope with this hypoxemia.
The fetus is then likely to unveil itself by late FHR decelerations as a classical sign of impending hypoxia. In such fetuses, represented by OCT positive cases in the present study, the response to contractions was a decrease of the vascular flow resistance in the MCA. However, also fetuses better resisting hypoxemia, i.e., those with a negative OCT, showed a decrease of MCA PI. This 'brain-sparing flow' phenomenon has previously been demonstrated during labor contractions in healthy fetuses 21 and in fetal lambs exposed to hypoxia 22 , suggesting it is a normal physiological response to acute hypoxemia.
The response with a lowered cerebral vascular flow resistance was more pronounced in fetuses with a positive OCT than in OCT negative cases. In addition, umbilical artery vascular resistance became higher in OCT positive than in OCT negative cases during uterine contractions and relaxations, suggesting a circulatory redistribution with a centralization of blood flow to the brain at an expense of the umbilicoplacental blood flow in OCT positive cases.
During the early development of hypoxia there is a good correlation between the oxygen content in blood and the cerebral vascular impedance to flow, but by sustained hypoxia acidosis subsequently develops and then the cerebral vascular resistance increases. 23 In severely asphyxiated fetal sheep, an increase of cerebral vascular flow resistance is a sign of decentralization of flow and leads to fetal demise if sustained. 22 It is interesting that in the present cases of impending hypoxia, i.e., in cases with positive OCT, ODFD, or neonatal distress, there was no fetus with a significant increase of MCA PI during contractions. All fetuses with increasing cerebral vascular flow resistance belonged to the OCT negative group and did well during the neonatal period. Although the series included no fetus with signs of severe hypoxia, the disconcert results in sheep and human experiments may in part be explained by the inability in animal experiments to perfectly mimic a clinical situation with an acutely superimposed hypoxic challenge to a chronically hypoxic fetus. According to the present study, an acute increase of cerebral flow resistance during contractions is not a rare response and seems to be an innocent sign in the absence of severe hypoxia and acidosis.
The low cerebral flow impedance induced by uterine contractions did not return to baseline levels during relaxations, neither in OCT positive nor in negative cases.
Indeed, the MCA PI remained in between contractions at the same lowered magnitude as during contractions. This suggests that after the initial cerebral vasodilatory response to contractions, there are no major changes of cerebral vascular flow resistance. These findings are in concordance with other studies on fetal cerebral blood flow during labor. In healthy fetuses, Yagel et al. 21 measured MCA flow between uterine contractions in labor and found a lower resistance compared with controls measured during basal conditions, and Maesel et al. 7 found no difference between measurements performed during contractions and relaxations. These and our results suggest that in both healthy and moderately compromised fetuses at term, once labor has started there are no large oscillatory changes of MCA flow resistance related to the contraction pattern, at least not in the early stages of labor. It takes approximately 2 minutes for the oxygen saturation to fully recover after a contraction 20 and in fetal sheep exposed to acute short-lasting hypoxia it takes up to 5 minutes before the cerebral vascular flow resistance has returned to the baseline level. 24 Hypoxia and hypercapnia are potent and rapid stimuli for cerebral vasodilatation 25 , and with repetitive uterine contractions it is likely that carbon dioxide will accumulate in fetal blood and the oxygen supply will remain at suboptimal levels also during a substantial time of the uterine relaxations. 
